Duplex DN& fragments differing by single base substitutions can be separated by electrophoresis in denaturing gradient polyacrylsmide gels, but only substitutions in a restricted part of the molecule lead to a separation (1). In an effort to circumvent this problem, we demonstrated that the melting properties and electrophoretic behavior of a 135 base pair DNA fragment containing a p-globin promoter are changed by attaching a GCrich sequence, called a 'GC-clamp' (2). We predicted that these changes should make it possible to resolve most, if not all, single base substitutions within fragments attached to the clamp. To test this possibility we examined the effect of several different single base substitutions on the electrophoretic behavior of the p-globin promoter fragment in denaturing gradient gels. We find that the QC-clamp allows the separation of fragments containing substitutions throughout the promoter fragment. Many of these substitutions do not lead to a separation when the fragment is not attached to the clamp. Theoretical calculations and analysis of a large number of different mutations indicate that approximately 95% of all possible single base substitutions should be separable when attached to a GC-clamp.
Duplex DN& fragments differing by single base substitutions can be separated by electrophoresis in denaturing gradient polyacrylsmide gels, but only substitutions in a restricted part of the molecule lead to a separation (1) . In an effort to circumvent this problem, we demonstrated that the melting properties and electrophoretic behavior of a 135 base pair DNA fragment containing a p-globin promoter are changed by attaching a GCrich sequence, called a 'GC-clamp' (2). We predicted that these changes should make it possible to resolve most, if not all, single base substitutions within fragments attached to the clamp. To test this possibility we examined the effect of several different single base substitutions on the electrophoretic behavior of the p-globin promoter fragment in denaturing gradient gels. We find that the QC-clamp allows the separation of fragments containing substitutions throughout the promoter fragment. Many of these substitutions do not lead to a separation when the fragment is not attached to the clamp. Theoretical calculations and analysis of a large number of different mutations indicate that approximately 95% of all possible single base substitutions should be separable when attached to a GC-clamp.
A denaturing gradient gel electrophoresis procedure (3) has been used to identify restriction fragments of bacteriophage X DNA bearing single base nutations (1). More recently this procedure has been used to detect single base substitutions in cloned human p-globin genes obtained from individuals with p-thalassemia (4,5), and the same nutations have been detected directly in total genomic DNA from p-thalassemia patients (5). The potential applications of the denaturing gradient gel system include the identification, localization, and diagnosis of naturally-occurring nutations, the napping of induced mutations that can be phenotypically selected, the detection of new sequence polymorphisms for human genetic linkage analysis and for population genetic studies, and the purification of in yittfi-generated point nutations.
At present, the utility of the denaturing gradient gel procedure is limited by the fact that not all single base substitutions lead to changes in the electrophoretic behavior of DNA fragments (l). This problem is a consequence of the melting properties of DNA and the relationship between DNA melting and the electrophoretic behavior of a fragment in the denaturing gradient (6). As DNA fragments move through polyacrylamide gels containing an ascending gradient of denaturant, small regions called melting domains undergo a cooperative strand dissociation to produce partially denatured molecules which display a narked decrease in electrophoretic mobility. As these DNA molecules continue to move slowly into higher concentrations of denaturant, additional melting domains undergo strand dissociation. Because single base changes in any of these domains will alter their melting temperature (Tm), these changes will lead to differences in the pattern of The plasraLd DNA molecules containing the GC-clamp and the wild type mouse pnaj-globin promoter are described in the preceding paper (2). Mutant promoter molecules were prepared by a procedure involving random chemical mutagenesis that will be described later (in preparation). p^ electrophores'l n Electrophoresis on perpendicular and parallel denaturing gradient gels was performed as described in the preceding paper (2). Perpendicular gel electrophoreeiB of isolated promoter fragments was on 6.5% acrylamide gels with a 20%-80% denaturant range for 3 hr (100% denaturant -7 M urea + 40% fonnamide; acrylamide/bisacrylamide -37.5/1). Perpendicular gradient gel electrophoresis of GC-damped promoter fragments was on 6.5% acrylamide gels with a denaturant range of 20%-80% for 5 hr. Parallel 'domain 1 mutant 1 gradient gels for GC-clamped promoters were 6.5% acrylamide with a 30%-60% denaturant range and were electrophoresed for 5 hr. Parallel 'domain 2 mutant' gradient gels for the GC-clamped promoters were 6.5% acrylamide with a 45%-80% denaturant range and were electrophoresed for 11 hr.
-dffri,ved predictions of mftitinQ The theoretical separations of wild type and mutant DN& fragments in denaturing gradient gels were calculated as noted in the accompanying paper (2). These calculations made use of the sequence-specific statisticalmechanical theory of Poland (7), the computational improvement of Fixman and Priere (8), the nearest neighbor stability values of Gotoh and Tagashira (9). and a theoretical relation between the mobility of partly melted DNR molecules and the length of the melted region (6). The calculation awn men that the mobility declines exponentially as the number of melted flexible units increases. The number of melted bases constituting a flexible unit. 85, was inferred from analysis of perpendicular gradient gel patterns, using the defined linear relationship between denaturant concentration and temperature. There is a negligible difference between the initial rates of travel of the wild type and mutant Dtft fragments as they begin moving through the gradient when both are completely double stranded. The rate difference becomes appreciable when one DN& fragment begins to melt earlier than the other. However, the resolution of the two partially melted D*ft fragments decreases as they travel further into the gel.
A completely theoretical calculation requires some information that is not available. For example, the amount of denaturant lost from the top of the gel by diffusion, the initial fragment velocities, and an accurate temperature-denaturant calibration are unknown. We have therefore allowed some flexibility in the parameters characterizing the temperature-time cali- Figures 1, 2 and 4) . To determine whether such a correspondence can be extended to other mutants we have analyzed 38 different single base substitutions in the P-globin promoter fragment in parallel denaturing gradient gels. These mutants were obtained using a random chemical mutagensis procedure which will be described elsewhere (in preparation) . An example of an analysis of 15 different mutants is shown in Figure  JA . To accurately determine the relative gel positions of the wild type and mutant fragments, a mixture of the two fragments was loaded in each lane. The Interval between the gradient level of each of the mutant sequences and the level of the wild type molecule after an appropriate running tine is plotted against the theoretical differences between the wild type and mutant sequences in Figure SB . While the results are consistent with a simple proportionality between calculated and measured interval of equivalent temperature, the agreement is not as good as that reported in a previous study (2) , and a few points deviate significantly from linearity. Although the reasons for this apparent discrepancy are unknown, it is possible that they are due to differences in the linearity of the denaturing gradients and the reliability of temperature and time controls in the two studies. 
